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We report the observation of transverse polarization-dependent azimuthal correlations in charged
pion pair production with the STAR experiment in p↑ + p collisions at RHIC. These correlations
directly probe quark transversity distributions. We measure signals in excess of five standard devia-
tions at high transverse momenta, at high pseudorapidities η > 0.5, and for pair masses around the
mass of the ρ-meson. This is the first direct transversity measurement in p+p collisions. Comparing
the results to data from lepton-nucleon scattering will test the universality of these spin-dependent
quantities.
The non-perturbative structure of the nucleon can
be described in terms of parton distribution functions
(PDFs), equivalent to number densities of quarks and
gluons in a fast moving nucleon. Transversity, hq1(x), is
the least well known of the PDFs. It represents the trans-
verse quark polarization in transversely polarized nucle-
ons for quark flavor q and momentum fraction x. Due
to its chiral odd nature, transversity vanishes for gluons
in the nucleon (sz =
1
2~) and is primarily a property of
the valence quarks [1]. An experimental measurement
3of the nucleon tensor charge δq =
∫ 1
0
dx(hq1(x) − hq¯1(x))
will directly test our theory of quantum chromodynam-
ics (QCD) when compared to calculations on the lat-
tice or model calculations [2–11]. h1 becomes acces-
sible in physics observables when it is coupled with an
additional chiral-odd partner, e.g. a transverse spin-
dependent fragmentation process. This second part has
to be measured independently in order to extract h1.
Our current knowledge of h1 [2, 4] is based on fixed-
target semi-inclusive deep inelastic lepton-nucleon scat-
tering (SIDIS) [12–16] in combination with data from
electron-positron annihilation [17, 18]. Proton-proton
collisions allow us to reach into the dominant valence
quark region, but the framework of perturbative QCD
introduces complications when the intrinsic transverse
momentum from the hadronization process has to be
considered [19]. It has been shown that di-hadron cor-
relations in the final state persist when integrated over
intrinsic transverse momenta. This so-called Interfer-
ence Fragmentation Function (IFF), H^1 , can therefore
be described collinearly [20]. Therefore the contributions
to the cross section can be factorized [21] and the IFF
should be universal between electron-positron annihila-
tion, SIDIS, and proton-proton scattering.
We present measurements of charged pion correlations
from the STAR experiment at the Relativistic Heavy
Ion Collider (RHIC) at a center-of-mass energy
√
s =
200 GeV. The data, the first measurement of transver-
sity in polarized proton collisions, show non-zero hq1(x)
at 0.15 < x < 0.30. In this range, transversity is not well
constrained by previous SIDIS measurements and our re-
sult will be particularly important to restrict the d-quark
transversity which is charge suppressed in lepton-proton
scattering.
RHIC, located at Brookhaven National Laboratory,
collides bunched beams of heavy ions as well as polar-
ized protons. The stable beam polarization orientation
is transverse to the collider plane and the polarization
direction alternates between subsequent bunches or pairs
thereof (polarization up ↑ or down ↓). The bunch po-
larization pattern is changed from fill to fill in order to
reduce systematic effects. While typically both beams
are polarized, a single-spin measurement is achieved by
summing over the bunches in one beam, effectively re-
ducing its polarization to near zero. The polarization of
each beam is measured by polarimeters using the elastic
scattering of protons on very thin carbon targets, several
times during a RHIC fill. The polarimeter are calibrated
using a polarized hydrogen gas jet target [22]. We report
results from the RHIC run in 2006 with an integrated
luminosity of 1.8 pb−1 and an average beam polarization
of about 60%.
The STAR experiment is located at one of the colli-
sion points in RHIC. This analysis is based on data in
the central pseudorapidity range −1 < η < 1. Data are
collected by the Time Projection Chamber (TPC) pro-
viding tracking and charged pion identification [23] and
by the Barrel Electromagnetic Calorimeter (BEMC), a
lead scintillator sampling calorimeter [24]. Data from a
pair of scintillator-based beam-beam counters (BBC) at
forward rapidities 3.3 < |η| < 5.0 in combination with
the BEMC provides a trigger for hard QCD events [25].
The trigger requires a coincidence between the BBCs and
either a minimum transverse energy, ET > 5 GeV in a
single BEMC tower or one of several jet patch triggers in
∆φ×∆η = 1.0× 1.0 (ET > 4.0 or 7.8 GeV).
Charged pion pairs are selected by requiring tracks
that originate within ±60 cm in the longitudinal direc-
tion and 1 cm in the transverse direction from the nomi-
nal interaction vertex and that are required to point into
the central region. Tracks are required to have a min-
imum transverse momentum pT of 1.5 GeV/c. Using
dE/dx measurements in the TPC to select pions, a pu-
rity of the single pion sample of greater than 95% over
the whole kinematic range is achieved. All pion pairs in
an event are considered where the pions are close enough
in (η, φ) space to originate from the fragmentation of the
same parton. The default value of this opening angle
cut is
√
(ηpi1 − ηpi2)2 + (φpi1 − φpi2)2 < 0.3. Pion pairs
produced in the weak decay of the K0 meson are not ex-
pected to contribute to the asymmetry, therefore the cor-
responding mass range (497.6 ± 10 MeV) was excluded
from the analysis.
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FIG. 1. Azimuthal angle defintions in the dihadron system. ~sa
is the direction of the spin of the polarized proton, ~ph,{1,2} are
the momenta of the positive and negative pion, respectively
and φR is the angle between the production and dihadron
plane.
The transversely polarized cross-section of hadron
pairs in p↑ + p collisions can be written similar to [26]:
dσUT ∝ sin(φRS)
∫
dxadxbf1(xa)h1(xb)
d∆σˆ
dtˆ
H^1,q(z,M).
(1)
4Here, σˆ is the polarized scattering cross section of partons
a and b with four momentum transfer tˆ. The unpolarized
parton distribution is f1(x). The fragmentation function
H^1,q is a function of z, the fractional energy with respect
to the fragmenting quark carried by the hadron pair and
its invariant mass, M . The angle φRS = φR − φS is
derived according to Fig. 1 from the angle between the
polarization vector and the production plane, φS and the
angle between the two hadron plane and the production
plane, φR. The production plane is spanned by the inci-
dent proton momentum, ~pbeam, and the sum of the two
hadron momenta, ~ph = ~ph,1 + ~ph,2. The difference of the
momenta ~R = ~ph,1 − ~ph,2 lies in the hadron plane. The
convolution of h1(x) and H
^
1,q will introduce an asymme-
try, modulated by sin(φRS). The effect will inherit the
dependence on the partonic variable x from h1(x) and
the final state variables M and z.
An experimental observable directly proportional to
the differential cross-section is constructed for each RHIC
fill:
N↑(φRS)− r ·N↓(φRS)
N↑(φRS) + r ·N↓(φRS) = Pbeam ·AUT · sin(φRS). (2)
where N↑/↓ is the number of pion pairs meeting the
selection criteria for each polarization state, Pbeam the
beam polarization and r the ratio L↑/L↓ between the
integrated luminosities of the two polarization states.
The data is binned in 16 equal bins covering 2pi in az-
imuth. The amplitude AUT of sin(φRS) is extracted by
a fit to the data. The description of the functional form
is very good, with a reduced χ2 per degree of freedom of
0.975±0.007 over all kinematic bins. We include all pion
pairs with opposite charges from an event and define ~ph,1
to be the momentum of the positive particle (and ~ph,2 the
negative particle accordingly). Note that this charge or-
dering is essential because it establishes the direction of
~R. A random charge assignment would lead to a van-
ishing asymmetry since it would randomize the sign of
φRS .
Figure 2 shows the results for AUT as a function of
the invariant mass M of the pion pair, both for forward
(η > 0)and backward (η < 0) going particles. We define
the forward direction here along the momentum of the
polarized beam. The results combine independent mea-
surements of the asymmetries for both polarized RHIC
beams in the two halves of the STAR detector, which
provides internal consistency checks.
We used a Pythia [27] simulation in conjunction with
a model of the STAR detector response implemented in
GEANT [28] to determine the partonic scattering pro-
cesses as well as the partonic variables x and z, the frac-
tional momentum of the parent quark carried by the two
hadrons. These are shown in the lower panel of Fig. 2.
The simulation agrees reasonably well with the data and
detector resolutions are small compared to the presented
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FIG. 2. AUT as a function of M (upper panel) and corre-
sponding partonic variables x and z (lower panel). A clear
enhancement of the signal around the ρ mass region can be
observed.
.
bin sizes. The mean x value, 〈x〉, of the recorded data
at midrapidity is around 0.2 and it changes very little
over the available invariant mass range. This is well in
the valence region, x > 0.1, where transversity is ex-
pected to be sizable. On the other hand, 〈z〉 rises more
strongly with the invariant mass. This is essentially a
consequence of the opening angle cut and the required
minimum pT for each hadron. Naively one expects that
the IFF is uniformly rising in z, since hadrons at high z
carry more of the parent quark spin information. This is
consistent with measurements in e+e− annihilation [18]
where sizable values have been observed at similar z and
M .
In model calculations, the transverse spin dependence
of the IFF originates from an interference of amplitudes
with different angular momenta [29]. In our kinematic
region, this will mainly be contributions from vector me-
son decays in a relative p-wave which interfere with non-
resonant background in a relative s-wave. Therefore, it is
expected that the invariant mass dependence will show
an enhancement around the mass of the ρ meson [29].
Our results confirm these expectations and show a clear
signal in the forward direction around the ρ mass.
Backward asymmetries, η < 0, are sensitive to quarks
at small x. They are consistent with zero, as is ex-
pected since transversity is primarily carried by the va-
lence quarks.
Figure 3 shows AUT as a function of η in more de-
tail. The 〈x〉 of the polarized beam rises approximately
5η
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FIG. 3. AUT as a function of η (upper panel) and correspond-
ing partonic variables x and zpi+pi− (lower panel).
linearly with η from 0.15 to 0.25 while 〈z〉 ≈ 0.4 in the
covered acceptance. The measured asymmetries reflect
the x-dependence and valence quark nature of transver-
sity and rise monotonically with η. The partonic spin
transfer coefficient becomes larger in the forward direc-
tion as well, but its contribution to the η dependence
of the asymmetry is small compared to the shape of the
transversity distribution.
We show the corresponding distributions of x in Fig. 4
for the highest and lowest η ranges from Fig. 3. The dis-
tributions are fairly wide and asymmetrical as is expected
for hadronic collisions. They also partially overlap, but
the different pseudrapdidities clearly are sensitive to dif-
ferent partonic kinematics.
We also investigated the effect of different upper val-
ues for the opening angle, ranging from 0.2 to 0.4 as
shown in Fig. 5. At intermediate invariant masses,
M > 0.7 GeV/c2, the asymmetries depend strongly on
this geometric limitation; wider opening angles result in
smaller asymmetries. As can be seen in the bottom panel,
the opening angle cut also directly affects the mean 〈pT 〉
of the pion pair. Larger opening angles typically allow for
more pions with low momentum, so a tighter cut selects
high transverse momenta; supplemental data tables list
the details and are available online. This, in effect would
also increase the contributions of pion pairs with high z
and high x which (see above) have been found to scale
with the asymmetries [18]. While there is a clear distinc-
tion between the asymmetries with increasing invariant
mass, at the largest masses the statistical uncertainty, es-
pecially for the most restrictive cuts on the opening an-
gle, does not allow for a decisive statement at this point.
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FIG. 4. Comparison of the shape of the partonic momentum
distributions in the polarized protons for different pseudora-
pidity regions of the pion pair as determined from embedded
event simulation studies. The distributions are not fully nor-
malized.
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FIG. 5. AUT (M) with different opening angle cuts. The
signal in each M bin exhibits a strong dependence on the
mean pT . Data points are slightly shifted in M for better
visibility.
It might be that the z-dependence of the asymmetries
is a minor contribution and what we observe is actually
largely driven by the change in the relative contribution
of the resonant production of pions from ρ-decays and
the non-resonant channel. Non-resonant pions are more
likely at low pT and their dominance in the data sam-
ple will dilute the asymmetry when using wider opening
angle cuts.
The leading systematic uncertainty for our results
comes from the 4.8% scale uncertainty of the beam polar-
ization. On average the purity of the single pion sample
6is 96% which has been determined in simulation studies.
The purity shows a slight dependence on the transverse
momentum, starting at around 94% and rising up to 97%
at with pT . The asymmetry in pi − p correlations is ex-
pected to be very small in model calculations. Data from
pi − K asymmetries [30] are of the same sign as those
of the two-pion system and of similar or smaller size.
We do not assign a systematic uncertainty to the results
due to the unknown size of background asymmetry. In
the worst case the dilution of the asymmetry is on the
same order of magnitude as the impurity of the pion sam-
ple. Triggering on large electromagnetic energy deposits
introduces a bias in the sampled event kinematics and
partonic processes [31]. From simulations, we determine
that our trigger bias in selecting the partonic subprocess
leads to an enhancement of the fraction of quark-quark
scattering sampled of up to 20% whereas quark-gluon
and gluon-gluon scattering processes are suppressed by
up to 10%. Overall, systematic uncertainties are very
small compared to the statistical precision of the mea-
surement, and they are not shown in the figures.
A variety of systematic checks have been carried out
to ensure the correctness of the results. A random as-
signment of the polarization states of the beam bunches
leads to vanishing spin asymmetries. The χ2 values of
the individual fits are distributed according to a χ2 dis-
tribution (within the relevant statistics). An alternative
way of computing the asymmetry takes advantage of the
fact that the asymmetry is antisymmetric in φRS and
therefore a shift of pi and a flip of the beam polarization
both lead to a sign change of the asymmetry [32]. The
advantage of this ”proper-flip” method is that the rela-
tive luminosity dependence cancels. It leads to the same
result as (2). In addition, the consistency between asym-
metries for both RHIC beams is an important check, as
is the stability of the results over the duration of the
measurement.
In summary, STAR has observed transverse spin-
dependent charged pion pair correlation asymmetries
with a statistical significance of more than five standard
deviations away from zero. Using the collinear factoriza-
tion framework, the distribution of transversely polarized
quarks described by the proton’s transversity distribution
function can be extracted from these results. This con-
stitutes the first signal of transversity in p↑+p collisions.
The observed signal is enhanced for invariant masses of
the hadron pair around the ρ mass and rises with pT
and η consistent with qualitative expectations from the
transversity distribution function and the dependence of
the IFF on z and M . These results can be included in an
extraction of transversity from world data in a collinear
framework that is currently underway [33]. Compared
with previous measurements of two hadron correlations
in SIDIS, the RHIC data allows access to a complemen-
tary kinematic regime. Proton-proton collisions do not
suffer from u-quark dominance and will therefore help
constrain the d-quark transversity. This is the first mea-
surement of transverse spin asymmetries in p↑ + p colli-
sions which can be directly compared to those in SIDIS
and e+−e− annihilation. Thus it is an important test of
factorization and universality in these processes, particu-
larly so in light of the recent discovery that factorization
is broken for transverse spin asymmetries in p + p colli-
sions that vanish in a collinear framework [19].
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8SUPPLEMENTAL INFORMATION
TABLE I. pT asymmetries, η < 0, maximum opening angle of 0.2
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
3.62 0.99 0.38 -0.031 0.014 0.29 0.10 0.15 0.10 0.20 0.11 -0.50
4.49 0.96 0.41 -0.010 0.012 0.35 0.12 0.15 0.10 0.20 0.11 -0.51
5.70 0.93 0.47 0.023 0.011 0.44 0.16 0.16 0.11 0.21 0.11 -0.51
7.18 0.91 0.55 0.016 0.014 0.48 0.15 0.16 0.11 0.23 0.11 -0.51
10.45 0.88 0.68 0.0085 0.013 0.57 0.17 0.20 0.12 0.27 0.12 -0.51
TABLE II. 〈MInv〉 asymmetries, η < 0, maximum opening angle of 0.2
〈MInv〉
[GeV/c2]
〈sin θ〉 〈pT 〉
[GeV/c]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
0.36 0.95 4.73 -0.013 0.010 0.38 0.15 0.16 0.11 0.22 0.12 -0.51
0.48 0.94 5.93 0.015 0.0080 0.43 0.17 0.16 0.11 0.22 0.11 -0.51
0.68 0.91 8.58 -0.0044 0.014 0.53 0.17 0.17 0.11 0.24 0.12 -0.51
0.88 0.90 11.13 0.022 0.027 0.59 0.17 0.21 0.12 0.28 0.13 -0.51
1.15 0.90 14.57 0.0042 0.062 0.63 0.15 0.23 0.13 0.34 0.13 -0.48
TABLE III. pT asymmetries, η > 0, maximum opening angle 0.2
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
3.62 0.99 0.38 0.0090 0.014 0.28 0.10 0.21 0.11 0.15 0.11 0.50
4.49 0.96 0.41 0.0095 0.012 0.34 0.12 0.21 0.11 0.15 0.11 0.51
5.70 0.93 0.47 0.022 0.011 0.42 0.15 0.22 0.12 0.15 0.10 0.51
7.18 0.91 0.55 0.0050 0.014 0.50 0.19 0.23 0.12 0.16 0.10 0.51
10.45 0.88 0.68 0.057 0.012 0.58 0.17 0.27 0.13 0.20 0.12 0.51
TABLE IV. 〈MInv〉 asymmetries, η > 0, maximum opening angle 0.2
〈MInv〉
[GeV/c2]
〈sin θ〉 〈pT 〉
[GeV/c]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
0.36 0.95 4.73 0.0054 0.010 0.38 0.16 0.23 0.12 0.16 0.11 0.51
0.48 0.94 5.93 0.019 0.0081 0.42 0.16 0.22 0.12 0.16 0.11 0.51
0.68 0.91 8.58 0.033 0.014 0.55 0.20 0.25 0.12 0.17 0.11 0.51
0.88 0.90 11.13 0.11 0.027 0.60 0.17 0.27 0.13 0.20 0.12 0.51
1.15 0.90 14.57 0.13 0.060 0.65 0.17 0.31 0.13 0.24 0.13 0.48
9TABLE V. pT asymmetries, η < 0, maximum opening angle 0.3
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
3.61 0.99 0.45 -0.022 0.010 0.30 0.13 0.15 0.10 0.20 0.11 -0.49
4.49 0.97 0.51 -0.007 0.0087 0.36 0.13 0.15 0.11 0.20 0.11 -0.50
5.68 0.94 0.59 0.018 0.0082 0.43 0.16 0.16 0.11 0.22 0.11 -0.51
7.17 0.92 0.67 0.021 0.011 0.48 0.15 0.16 0.11 0.23 0.11 -0.51
10.32 0.88 0.81 0.0088 0.011 0.57 0.17 0.19 0.12 0.27 0.12 -0.51
TABLE VI. 〈MInv〉 asymmetries, η < 0, maximum opening angle 0.3
〈MInv〉
[GeV/c2]
〈sin θ〉 〈pT 〉
[GeV/c]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
0.36 0.95 4.73 -0.013 0.010 0.38 0.15 0.16 0.11 0.22 0.12 -0.51
0.50 0.95 5.35 0.0063 0.0068 0.41 0.17 0.16 0.11 0.21 0.11 -0.50
0.69 0.94 6.35 0.00020 0.0081 0.44 0.17 0.16 0.11 0.22 0.11 -0.51
0.88 0.92 7.98 0.025 0.013 0.50 0.17 0.17 0.11 0.25 0.12 -0.51
1.19 0.90 10.63 0.017 0.020 0.56 0.17 0.19 0.12 0.27 0.13 -0.50
TABLE VII. pT asymmetries, η > 0,maximum opening angle 0.3
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
3.61 0.99 0.45 0.0092 0.010 0.29 0.10 0.20 0.11 0.14 0.10 0.49
4.49 0.97 0.51 0.011 0.0086 0.35 0.12 0.21 0.11 0.15 0.11 0.50
5.68 0.94 0.59 0.029 0.0082 0.43 0.15 0.22 0.12 0.15 0.10 0.51
7.17 0.92 0.67 0.0071 0.011 0.50 0.18 0.23 0.12 0.16 01.0 0.51
10.32 0.88 0.81 0.053 0.011 0.58 0.18 0.27 0.13 0.19 0.12 0.51
TABLE VIII. 〈MInv〉 asymmetries, η > 0, maximum opening angle 0.3
〈MInv〉
[GeV/c2]
〈sin θ〉 〈pT 〉
[GeV/c]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
0.36 0.95 4.73 0.0054 0.010 0.38 0.16 0.23 0.12 0.16 0.11 0.51
0.50 0.95 5.35 0.018 0.0068 0.40 0.16 0.22 0.12 0.16 0.11 0.50
0.69 0.94 6.35 0.023 0.0081 0.46 0.18 0.23 0.12 0.15 0.11 0.51
0.88 0.92 7.98 0.070 0.013 0.51 0.17 0.24 0.12 0.17 0.11 0.51
1.19 0.90 10.63 0.039 0.020 0.59 0.19 0.27 0.12 0.19 0.12 0.50
TABLE IX. pT asymmetries, η < 0, maximum opening angle 0.4
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
3.60 0.99 0.53 -0.016 0.0084 0.30 0.12 0.14 0.10 0.20 0.11 -0.49
4.48 0.97 0.60 -0.0081 0.0073 0.36 0.13 0.15 0.11 0.20 0.11 -0.50
5.67 0.94 0.68 0.013 0.0073 0.43 0.16 0.15 0.11 0.21 0.11 -0.50
7.17 0.92 0.76 0.016 0.010 0.48 0.15 0.16 0.11 0.24 0.11 -0.51
10.28 0.88 0.89 0.015 0.0099 0.57 0.17 0.19 0.12 0.27 0.12 -0.51
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TABLE X. 〈MInv〉 asymmetries, η < 0, maximum opening angle 0.4
〈MInv〉
[GeV/c2]
〈sin θ〉 〈pT 〉
[GeV/c]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
0.36 0.95 4.73 -0.013 0.010 0.38 0.15 0.16 0.11 0.22 0.12 -0.51
0.50 0.95 5.31 0.0054 0.0067 0.41 0.17 0.16 0.11 0.21 0.11 -0.50
0.70 0.96 5.60 -0.0022 0.0068 0.41 0.17 0.16 0.11 0.22 0.11 -0.50
0.88 0.94 6.45 0.010 0.0094 0.44 0.16 0.16 0.11 0.23 0.12 -0.50
1.22 0.91 8.55 0.011 0.012 0.52 0.18 0.17 0.11 0.24 0.12 -0.49
TABLE XI. pT asymmetries, η > 0, maximum opening angle 0.4
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
3.60 0.99 0.53 0.013 0.0084 0.29 0.10 0.20 0.11 0.14 0.10 0.49
4.48 0.97 0.60 0.0060 0.0073 0.35 0.12 0.21 0.11 0.15 0.11 0.50
5.67 0.94 0.68 0.025 0.0073 0.42 0.14 0.22 0.12 0.15 0.10 0.50
7.17 0.92 0.76 0.0096 0.010 0.50 0.18 0.23 0.12 0.16 0.10 0.51
10.28 0.88 0.89 0.053 0.0099 0.58 0.18 0.27 0.13 0.19 0.12 0.51
TABLE XII. 〈MInv〉 asymmetries, η > 0, maximum opening angle 0.4
〈MInv〉
[GeV/c2]
〈sin θ〉 〈pT 〉
[GeV/c]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
0.36 0.95 4.73 0.0054 0.010 0.38 0.16 0.23 0.12 0.16 0.11 0.51
0.50 0.95 5.31 0.018 0.0067 0.39 0.16 0.22 0.12 0.16 0.11 0.50
0.70 0.96 5.60 0.018 0.0068 0.42 0.18 0.22 0.12 0.15 0.11 0.50
0.88 0.94 6.45 0.031 0.0095 0.44 0.16 0.22 0.12 0.16 0.10 0.50
1.22 0.91 8.55 0.033 0.012 0.53 0.18 0.24 0.12 0.17 0.11 0.49
TABLE XIII. η asymmetries, maximum opening angle 0.2
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
6.30 0.93 0.50 0.0010 0.0079 0.46 0.18 0.15 0.11 0.25 0.12 -0.75
6.27 0.94 0.50 0.0054 0.0080 0.41 0.16 0.18 0.11 0.20 0.11 -0.26
6.27 0.94 0.50 0.015 0.0080 0.43 0.18 0.21 0.12 0.17 0.11 0.26
6.30 0.93 0.50 0.028 0.0079 0.45 0.19 0.26 0.12 0.15 0.11 0.75
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TABLE XIV. η asymmetries, maximum opening angle 0.3
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈x1〉 〈x2〉 σ〈x2〉 〈η〉
6.04 0.94 0.59 -0.00020 0.0060 0.45 0.18 0.15 0.11 0.24 0.12 -0.75
5.99 0.94 0.60 0.0075 0.0061 0.40 0.16 0.18 0.11 0.20 0.11 -0.26
5.99 0.94 0.60 0.013 0.0061 0.42 0.17 0.20 0.11 0.17 0.11 0.26
6.04 0.94 0.59 0.031 0.0060 0.44 0.18 0.25 0.12 0.15 0.10 0.75
TABLE XV. η asymmetries, maximum opening angle 0.4
〈pT 〉
[GeV/c]
〈sin θ〉 〈MInv〉
[GeV/c2]
AsinφUT σAsinφUT
〈z〉 σ〈z〉 〈x1〉 σ〈X1〉 〈x2〉 σ〈x2〉 〈η〉
5.84 0.95 0.67 -0.0027 0.0053 0.44 0.18 0.14 0.11 0.24 0.12 -0.75
5.78 0.95 0.67 0.0074 0.0053 0.40 0.16 0.17 0.11 0.20 0.11 -0.26
5.78 0.95 0.67 0.0095 0.0053 0.41 0.17 0.20 0.11 0.17 0.11 0.26
5.84 0.95 0.67 0.030 0.0053 0.43 0.18 0.24 0.12 0.14 0.10 0.75
